Manganese contamination in water is one of the most serious problems in Southeast Asian countries, including Vietnam. Bioremediation using microorganisms, especially from the brewing yeast Saccharomyces cerevisiae, is expected to be a useful technique to remove manganese from contaminated water. Yeast strain S. cerevisiae BY4741 as the wild-type strain and some manganese-accumulating mutants bred from BY4741 were examined for cell growth and manganese accumulation in YPD liquid medium containing various concentrations of Mn . One variant isolate, named IM3, showed no retardation of growth up to 15 mM Mn 2+ and could absorb over 4-fold more manganese than the BY4741 strain. Effects of culture temperature and pH on the growth and manganese accumulation were analyzed for IM3. Maximum accumulation was shown at 30 , pH 6.0 while the optimal growth was shown at 37 , pH 5.0 -7.0. Interestingly, IM3 could grow a little at pH 9.0 when manganese was added to the culture media, while it could not grow without the addition of manganese.
INTRODUCTION
Many countries in Asia, such as Bangladesh, India, and Vietnam, where water for human use, including drinking water, comes from surface-water and underground sources, are facing issues of contamination with heavy metals such as arsenic, manganese, and iron that adversely affect the health of millions of people Buschmann et al., 2008; Nitzche et al., 2015 . In these countries, contaminated water is not only used for drinking but is also broadly used for irrigation of rice, especially during the dry season. Irrigation has led to the accumulation of heavy metals in paddy soil, and has consequently caused an increase in metal levels in rice grain. The widespread contamination of paddy field soils and increased heavy metal content in grain occurs because of extensive industrial and metal mining areas that cause heavy metal pollution in these countries.
The most common inorganic pollutants in groundwater are iron and manganese. The manganese Mn concentration must be lower than 0.05 mg L -1 as a secondary contaminant according to the United States Environmental Protection Agency EPA 1979 ; however, the maximum level of 0.02 mg L -1 is more appropriate to ensure consumer safety and minimize the potential for water discoloration. Although Mn is an essential element for living organisms, it becomes a toxic ion when present at high concentrations in cells Au et al., 2008 . using growing microorganisms as a biomaterial in the bioaccumulation of Mn. There is also little information regarding new strains that may have a greater ability to accumulate Mn and be more applicable for water treatment using growing cells.
The objectives of this study were to: 1 evaluate the Mn-accumulation or Mn-absorption capacity of S. cerevisiae, and 2 isolate and characterize a mutant strain of S. cerevisiae that has a better ability to absorb or accumulate Mn than the parental strain. The growth of a Mn resistant strain was optimized using some parameters such as temperature and pH, and the Mn absorption of mutant strains was investigated to check their applicability to practical water or wastewater treatment.
MATERIALS AND METHODS

Strains and cultivation
S. cerevisiae strains used were BY4741 MATa his3∆ 1 leu2∆0 met15∆0 ura3∆0 , obtained from Open Biosystems Lafayette, CO, USA , and its mutant IM3, spontaneously grown on solid yeast extract peptone dextrose YPD medium with highly concentrated Mn. The YPD media was composed of 1% w/v yeast extract, 2% w/v peptone, and 2% w/v D-glucose pH: 5.8 -6.0 . If solid medium was used, 1.5% w/v agar was added.
Sterilized Mn stock solution Mn-solution was prepared by dissolving 0.5 g manganese chloride with tetrahydride in 10 mL of water final Mn 2+ concentration was 0.25 M . Media with manganese ions Mn 2+ were created by the addition of diluted Mn-solution.
S. cerevisiae strains were pre-cultivated in 5 mL YPD liquid media for 24 h with shaking at 120 rpm at 30 . Mid-exponential phase cells approximately 1.0 10 6 cells mL -1 were harvested, washed twice with 0.9% sodium chloride saline solution , and re-inoculated in 5 mL fresh YPD liquid media with shaking at 120 rpm at 30 .
Assay for the effect of Mn concentration on yeast growth
Different Mn 2+ concentrations of 0, 1, 5, 10, and 15 mM were added to liquid YPD medium that initially contained approximately 1.0 10 6 yeast cells mL -1 at 30 in a rotary shaking incubator 120 rpm . After culturing the yeast for various periods, growth was monitored by measuring the absorbance of light of 660-nm wavelength, and the number of yeasts cells was determined by Flow Cytometry using BACTANA Sysmex, Japan .
Measurement of Mn within cells
One milliliter of yeast cell suspension was collected, Although conventional methods for removing metal ions from aqueous solution, such as chemical precipitation, ion exchange, electrochemical treatment, membrane technologies, and adsorption on activated carbon, have been studied in detail, these methods are not efficient for treating large amounts of water or wastewater containing heavy metals at low concentrations Wang and Chen, 2009; Schiewer and Patil, 2007 . Therefore, an alternative technique is needed, which is safe, efficient, and economical. In addition to the advantage of low operating costs, a biological method would be an ideal candidate for the treatment of large volumes of water and low concentrations of metal ions. Such a method may be able to decrease the concentration of heavy metal ions in solution from the ppt to the ppb level Malik, 2004 . In recent decades, there has been increasing interest in using yeast and specific components of yeast cells as biosorbent materials. These applications have been based on new scientific evidence that suggests novel uses of yeast and yeast-derived products in modern systems. In particular, the use of Saccharomyces cerevisiae as a biomaterial Wang and Chen, 2009; Podgorskii et al., 2004 has gained special interest. Because the yeast is not only economical to use but also flexibly adaptable to various conditions because genetic, nonpathogenic, and morphological manipulations can be done to give better raw biomaterials. Although there are some reports of heavy metal bioaccumulation by S. cerevisiae Brady and Ducan, 1994a,b , these studies have primarily focused on heavy metals other than Mn. Few studies have been conducted with Mn; thus, more research is needed to investigate the bioaccumulation of Mn by growing cells.
Screening to determine suitable microbial strains, which are more efficient and adaptable to environmental stresses, is important to enhance the applicability of
Effect of pH on the growth and Mn accumulation of the Mn resistant mutant strain
The YPD medium containing a volume of 1/100 precultured cells was adjusted to pH 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 by using 0.1 N NaOH or 0.1 N HCl aqueous solution supplemented with 10 mM Mn 2+ . Fresh YPD medium without Mn supplement was used as the control sample. The growth curves of BY4741 and IM3 at these conditions were recorded by OD 660 nm every 3 h.
RESULTS
Effect of Mn 2+ on the growth of Saccharomyces cerevisiae BY4741 yeast cells
The growth profiles of S. cerevisiae strain BY4741 are shown in Fig.1 -a, with cultures in YPD with various Mn 2+ concentrations. The growth of BY4741 was not influenced until Mn concentration reached 1 mM. Nevertheless, the growth of BY4741 decreased at Mn concentration of 5 mM, and very little growth occurred placed into Eppendorf tubes, centrifuged at 4000 rpm for 5 min at 4 , washed three times with distilled water, and digested by 6 M pure nitric acid for about 1 h at 90 . Following adequate dilution with distilled water, the Mn concentrations in samples were analyzed using the atomic absorption spectrophotometer Z-8240
Hitachi Co., Tokyo, Japan , with reference to the appropriate standard. All the samples were analyzed at least three times, and the data reported are the means the standard deviation.
Heating, irradiation, and starvation treatments for checking Mn adsorption of dead S. cerevisiae cells After being pre-cultured in YPD liquid, approximately 5x10 6 cells mL -1 were collected and killed by heating at 100 for 15 min or by 60 Co-gamma irradiation at 10 kGy. The lack of cell viability was confirmed by the absence of colony formation in YPD-agar plates including the cell suspensions after treatment by heating and irradiation after 3-4 days incubation at 30 . For the starvation treatment, cells were collected by centrifugation and directly used without the killing treatments.
Cell suspensions were supplemented in 5 mL sterilized water with Mn at a concentration of 10 mM and incubated with shaking at 120 rpm at 30 for 24 h. Yeast cells were collected and washed three times with distilled water before being analyzed by AAS to determine Mn adsorption concentrations.
Isolation of Mn resistant mutants
S. cerevisiae strain BY4741 was cultured in YPD liquid medium with 10 mM Mn 2+ for 48 h, washed once with saline, and spread on a YPD agar plate after several dilutions. After being cultured for 3-4 days at 30 , approximately 20 colonies were selected and inoculated on YPD plates with 10 mM Mn 2+ , which were used as a master-plate . Colonies that survived on the masterplate were selected and re-inoculated in YPD liquid with 10 mM Mn 2+ for 24 h. Next, yeast cells were spread out in YPD plates and 20 random colonies were selected to inoculate YPD plates with 10 mM Mn 2+ . The same process was repeated several times, and well-growing strains were isolated as the Mn-resistant mutants.
Effect of temperature on the growth of the Mn resistant mutant strain
Culture media of 5-mL fresh YPD supplemented with 10 mM Mn 2+ or without Mn supplemented as control were cultivated at different temperatures of 14 , 30 , 37 , and 42 to determine the effect of temperature. Growth profiles at OD 660 nm were determined. Manganese accumulation by yeasts at different temperatures was analyzed after 24 h of cultivation. 
Isolation of and Mn accumulation by a Mn-resistant strain
Following the screening process, some isolated colonies were found to be resistant to 10 mM Mn 2+ in the media. Of these, colony number 3, showed the highest growth and a greater Mn absorption ability than the parental strain BY4741. This strain was named S. cerevisiae IM3.
To determine whether this was a true mutant strain or if the yeast had simply adapted to the cultures, S. cerevisiae IM3 was cultured several times in YPD media without supplemental Mn. After that, it was inoculated in YPD media supplemented with 10 mM Mn 2+ and the OD value of the culture was 1.2 after 24 h of culturing.
The growth profiles of IM3 under various Mn concentrations in YPD are shown in Fig.1-b . Growth of the parental strain BY4741 appeared to be limited at 10 mM Mn 2+ . On the other hand, the growth of IM3 increased at concentrations greater than 15 mM Mn 2+ Fig.1-b , and the Mn accumulation by IM3 was also 4-fold to 5-fold higher compared with that of the parental strain Fig.2 . These results suggest that IM3 is more resistant and has a greater ability to accumulate Mn than its parental strain BY4741 in the presence of Mn 2+ ions.
To characterize the Mn-absorption capacity of IM3 compared with that of parental strain BY4741, IM3 viable cells and the cells inactivated by heating or 60 Co gamma-irradiation were incubated in Mn-containing at Mn 2+ concentrations higher than 10 mM Fig.1 -a . Yeast cells need a long lag phase at Mn concentrations of 5 mM and higher, whereas lower Mn 2+ -supplemented samples and the control had only approximately a 6-h lag-phase exponential phase . Manganese concentrations in media higher than 10mM inhibited the growth of S. cerevisiae BY4741.
Manganese accumulation in S. cerevisiae BY4741
Samples containing 5 10 6 cells mL -1 of yeast were incubated in YPD with Mn 2+ solutions in which the final concentrations were 0, 1, 5, 10, and 15 mM. After 24 h of growth at 30 with shaking at 120 rpm, the intracellular Mn 2+ concentrations of all cell samples were analyzed Fig.2 . In S. cerevisiae BY4741, the Mn concentration within the cell gradually increased with increasing Mn 2+ concentrations in the culture media and reached over 2 µmol/10 9 cells after growth in media containing 15 mM Mn growth of both strains, Mn accumulation by both strains was at a similar level to that at 30 Table 2 .
Effect of pH on the growth and Mn accumulation by the Mn resistant mutant
The YPD liquid medium was a neutral to slightly acidic medium for yeast cells. To determine the range of optimum pH for growth and accumulation of Mn, yeast cells of both BY4741 and IM3 strains were inoculated in water without nutrients. The same trend of the Mn concentrations as seen with the parental strain could be seen as shown in Table 1 , suggesting that the IM3 cells have the same characteristics as their parent BY4741 cells in accumulating Mn.
Effect of temperature on the growth of the Mn resistant mutant
A 1/100 initial volume of each strain was incubated in YPD, and the Mn was supplemented at a concentration of 10 mM Mn 2+ . After 24 h incubation with shaking at 120 rpm at different temperatures, 14 , 30 , 37 , and 42 , the growth curves of Fig.3 and intracellular Mn concentrations of both strains were analyzed Table  2 . For both strains, temperatures of 30 and 37 appeared to be the optimal temperatures for growth Fig.3-b and 3 -c , and the low temperature of 14 also limited the growth of yeast cells. However, yeast cells still grew at a very low rate, especially when Mn was supplemented in the YPD media Fig.3-a . Although 37 was the optimum temperature for the Blackwell et al. 1998 studied S. cerevisiae NCYC 1383 grown in YPD media supplemented with a range YPD media supplemented with 10 mM Mn 2+ , and pH values were adjusted to 4.0, 5.0, 6.0, 7.0, 8.0, and 9 .0 by 0.1 N NaOH or 0.1 N HCl aqueous solutions before culturing. As shown in Fig.4 , the growth of yeast cells of both strains in the acidic or alkaline zone was slightly lower than in the neutral pH range. Yeast cells of both strains grew normally in the initial pH range of 4-8, although a pH of 9.0 limited the growth of yeast strains Fig.4 -a, 4-c . Interestingly, in YPD media supplemented at 10 mM Mn 2+ , even at pH 9.0, yeast cells of both strains grew at a higher rate compared with that under normal conditions, even though 10 mM Mn 2+ was detrimental to the growth of BY4741 Fig.4-b, 4 -d . For IM3 in media supplemented by 10 mM Mn 2+ , the Mn ions may help yeast cells to adjust the pH inside and outside of the cells to adapt to the alkaline condition. Yeast cells still grew, albeit at a slightly lower rate compared with that at other pH values Fig.4-d . Table 3 shows the Mn accumulation by BY4741 and IM3 at different pH values. The manganese-accumulation ability of both strains exhibited the same trend. Manganese absorption of both strains was highest at Based on these facts, the development of systems using microbial biomass as a continuous system to remove metals based only on bio-adsorption appears to be impossible or uneconomical. However, the application of growing cells and active cells for continuous systems not only at the laboratory, but also for real treatment systems, might work better because of the abilities of living cells to metabolically absorb metals and replenish themselves. Furthermore, the metals that entered the cells were detoxified during the metabolic activities of cells that combined them with intracellular proteins or chelatins before integrating them into vacuoles and other intracellular organelles. This results in detoxified metals and reduces the risk of metals returning to the environment Gekeler et al., 1998 . In addition, the use of growing cultures may allow for the exploitation of the process for the removal of many kinds of pollutants. Living cells have an almost unlimited capacity to degrade organic materials, even organicmetallic complexes, and take in inorganic ions such as ammonium, nitrate, and phosphate. Although several studies on the use of living cells for the treatment of metal ions have been conducted, the practical application of growing cells still faces formidable factors, such as extreme pH, high salt concentration, and energy requirements Donmez and Aksu, 2001 . Thus, finding suitable methods and microbial strains of growing cells that can maintain their capacity to accumulate metals at high levels even after multiple bio-absorption-desorption cycles, and grow well under environmental stress is required for practical application.
DISCUSSION
In conclusion, the growth pattern of S. cerevisiae IM3 in the YPD medium without Mn supplementation was the same as that of the parental strain BY4741, but, under Mn supplementation conditions, S. cerevisiae IM3 exhibited four-to five-fold the Mn accumulation than the parental strain. This suggests that this strain would be a good candidate for practical application using living cells.
